Time-resolved band-to-band photoluminescence offers a quick and contactless technique for determining the photoexcited free carrier lifetime in GaAs samples with deep traps. with a delayed coincidence photon counting system. This technique is nondestructive and has good spatial resolution. In addition its high sensitivity and good signal-to-noise ratio ~akeg it possible to distinguish between the different processes which determine the carrier lifetime.
fast photodetectors for optical communication and as fast optoelectronic
. h 2 sW1tc es. In both applications it was found necessary to decrease the photoexcited carrier lifetime to achieve the fast response time. This has been accomplished by introducing deep centers such as Cr into GaAs and Fe into InF. 3 The carrier lifetime is then determined by fabricating the sample into a photoconductor. This process typically requires putting contacts on the sample which then becomes part of a transmission line.
The detector is excited by a picosecond laser and the photoresponse measured by a sampling oscilloscope or other sampling techniques. This technique of determining the photoexcited carrier lifetime is time consuming
and it is difficult to screen a large number of samples to select one with the desirable response time. In addition, the detector response can be distorted-if the incident intensity is too high 4 or if the detector impedance is not well-matched to the transmission line. 5 It is therefore desirable to find a quicker and contactless technique which can determine the photoexcited free carrier lifetime. In this paper we demonstrate how this can be accomplished by measuring the time-resolved photoluminescence with a delayed coincidence photon counting system. This technique is nondestructive and has good spatial resolution. In addition its high sensitivity and good signal-to-noise ratio ~akeg it possible to distinguish between the different processes which determine the carrier lifetime.
The experimental setup necessary for performing the time-resolved photoluminescence measurement is shown schematically in Fig. 1 cidence photon counting system consisting of a Amperex PM2254B photomu1ti-p1ier tube, a constant fraction discriminator, a time-to-amp1itude converter and a multi-channel analyzer. The overall instrumental width is -400 psec. Since the number of photons emitted by GaAs, even with the deep traps, is quite high we can determine luminescence decay times as short as 100 psec by deconvolution techniques. Decay times shorter than 50 psec can be measured r21iab1y by this technique by using photomultiplier tubes with faster rise time or by usi~g streak cameras. The disadvantage of the streak camera compared to the present system is its high cost and lower sensitivity.
We have performed measurements on five different GaAs samples. A summary of the properties of these GaAs samples can be found in Table 1 .
In Figure 2 we show the time-integrated photoluminescence spectrum of 4
LBL-16966
Cr doped GaAs (sample #1). The structure of interest to us is the dominant peak at -12200cm-1 . We have identified this peak as due to band-band recombination of photoexcited electron-hole pairs from its photon energy , and from the dependence of its intensity on temperature and laser power.
This peak is found in all of our samples. The time decay of this peak is shown in Fig. 3 (a) , (b) and (c) for samples #5, 1 and 3. In all three spectra the curve labelled 'laser' represents the instrument response. In all three cases we found that the decay of the band-band recombination is slower than the instrumental response curve indicating that the recombination has a finite decay time.
There are a number of processes which can cause the photoexcited carriers to decay in time. These include: (i) radiative recombination,
(ii) auger recombination, (iii) trapping and subsequent recombination at impurities and defects, (iv) surface recombination and (v) diffusion of carriers away from the region of observation.
Of these processes radiative recombination has been studied extensively in GaAs 6 and measured radiative lifetimes in GaAs ranged from -lnsec in heavily doped samples (~I019cm-3) toas long as -l~sec in undoped samples.
Since our samples all have moderate or low doping densities and the photoexcited free carrier density is also low in our experiment, we conclude that radiative recombination cannot e~plairi the short lifetime observed in the semi-insulating samples. Similarly. auger processes are important only when the carrier densities are higher than l019 cm-3 so we do not 7 expect them to be important in our samples.
We have therefore interpreted our results with a simple model which includes the remaining three processes. In this model we assume that the LBL-16'966 medium is semi-infinite with the sample surface located at the z=O plane.
The carrier concentration is assumed to depend only on time, t, and z.
The concentration of the electron-hole pairs, N(z,t), is then given by the diffusion equation:
where G(z,t) is the generation rate due to the incident laser, D is the ambipolar diffusion constant, and L is the bulk recombination time due to trapping at defects and impurities. Equation (1) has to be solved subject to the boundary conditions that:
t)S z=O and N(oo,t)
o (2) where S is the surface recombination velocity. We will assume that the incident laser pulse is a delta-function in time so that G(z,t) is given frequency. The time-dependent emission intensity can be calculated from N(z,t) via the expression:
e N(z,t) dz (4 ) where a is the absorption coefficient at the emission frequency. It has e 8 been shown that I (t) is given by: e 
and W(x) = exp(x 2 )erfc(x), erfc being the complementary error function.
In Eq. 5 the term outside the bracket is a simple exponential decay with decay time T. The terms inside the bracket are significant only when 5 and D are both large. 5ince these terms lead to non-exponential decays, the surface recomination and diffusion terms can be readily distinguished from the bulk recombination term.
We have tried to fit our results in Fig. 3 by convoluting Eq. 5 with the instrument response. In all three cases we found that the experimental curves can be fitted best if 5 and D are assumed to be negligible. 5igni-ficantly worse fits are obtained if we assume that 5 and D have values
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For example the broken curve in where a is the trapping cross section (for electron or hole) <v> is the thermal velocity of the carrier trapped and N is the trap concentration.
. t
The fact that the measured lifetime in samples #1 and #2 is not inversely proportional to the known Cr concentration suggests that the actual numbers of traps in our samples are different from their Cr concentrations.
Thus to determine a with this technique requires a more reliable measurement of the trap density. Eq. 5 assuming S=D=O, and lifetimes given in Table 1 . In (b) the broken curve was similarly obtained using D=10cm 2 /sec, S=106cm/sec, and T=300 psec. Fig. 3 
TIME (NANOSECONDS)

